Freezing and melting behaviors of a fluid confined to pores of mesoporous silicon with a modulated structure have been studied using NMR techniques. The molecular self-diffusivities, measured along the freezing and melting transitions, unveiled essential differences in the configuration of the frozen domains. This suggests that freezing is dominated by a pore-blocking mechanism. Freezing kinetics is found to exhibit very slow long-time dynamics, following a ln 2 ͑t͒ dependence. This type of time dependence may result if the front of the frozen phase is assumed to propagate in the random potential field created by the disorder of the porous silicon channels, similar to the mechanism of Sinai diffusion. The free energy barriers calculated from the kinetic measurements and estimated using a thermodynamical model yield a consistent picture of the freezing process in the presence of quenched disorder.
I. INTRODUCTION
Phase transitions of fluids confined to mesoporous matrices often exhibit hysteresis.
1, 2 The internal mechanisms leading to this behavior have been widely addressed experimentally in relation to condensation/evaporation and melting/solidifaction transitions. By exploiting mesoporous materials with different structural properties, many aspects of hysteretic transitions are now becoming clear. [3] [4] [5] [6] [7] [8] However, some features, especially concerning dynamics of the transitions in mesoscalic systems, are still not fully understood. As an important point, previous studies reveal that, in addition to the metastable character of the transitions occurring in ideal cylindrical pores, disorder effects may further complicate the behavior. They may include some features emerging from, e.g., the pore-blocking mechanisms 9 such as the limitation of the growth of an initial new phase nuclei and the prohibition of the overall equilibration. 8, 10, 11 As a particular example, a comprehensive description of the time dependence of the freezing process is still lacking and, so far, the experimental basis was incomplete for reliable model assumptions which might serve as a basis for theoretical approaches. Also, in a disordered pore network, a nucleationdependent character of the transitions coupled with the percolating character of a new phase grow may result in a history-dependent multiplicity of such nonequilibrium intermediate states. 12 For the crystallization process in pores this scenario has long been predicted but not thoroughly studied. 13, 14 Experimental exploration and further understanding how structural disorder on various length scales may affect phase transition processes of fluids in mesopores will be in the focus of this work. In particular, we will be interested in probing the out-of-equilibrium dynamics ͑in cases when the disorder is relatively weak͒ and the distribution of the final quasiequilibrium states ͑when a strong variation in pore dimensions may lead to arrested phase configurations͒.
In the present work, we take advantage of the potentials of NMR spectroscopy and of recent progress in the synthesis of tailor-made mesoporous materials. Due to substantially differing nuclear magnetic relaxation properties of a fluid in the liquid and solid phases, this technique provides an access to a composition of the coexisting phases in porous materials. 15, 16 Moreover, under appropriate conditions, the kinetics of the phase separation process may also be followed, similarly to earlier works on the capillary condensation kinetics in random mesopores. 8 This implies that disorder-induced free energy barriers, owing to the first-order character of the transitions, should have heights which could be surmounted by thermal fluctuations on the time scale accessible by this type of measurements from about seconds to hours. With increasing strength of disorder, however, the typical relaxation times may notably exceed the laboratory time scale. Thus, the system will get captured in one of the quasiequilibrium states. We are going to explore this latter phenomenon by means of pulsed field gradient ͑PFG͒ NMR as a complementary NMR technique by probing molecular diffusivities in the liquid phase. A specific point here is to compare molecular mobilities at the same phase compositions but attained in different ways, e.g., by either heating or cooling. Apparently, NMR provides such a comparison. By combination with high-intensity magnetic field gradient pulses, 17 NMR spectroscopy allows the simultaneous determination of the liquid phase fraction and its intrinsic translational mobility 18 upon temperature variation. This approach, sometime referred to as NMR cryodiffusometry, has already been used to study fluid behavior in strongly disordered porous solids, [19] [20] [21] where its potentials to probe the system evolution have been demonstrated. The close inter-relation of these problems suggests the use of a porous material with structural disorder on two different length scales. Indeed, in this case on the way to final a͒ quasiequilibrium both relaxation processes may be studied in one and the same sample. It is also clear that further analysis of the experimental results requires relatively simple pore geometries. Among the numerous novel types of nanoporous materials, 22 mesoporous silicon 23 ͑PS͒ turns out to be particularly suited for our purposes. [24] [25] [26] By a proper choice of the silicon substrate and the preparation conditions, it may be accomplished to consist of an array of parallel, nonintersecting channel-like pores with a diameter of a few nanometers. 27 In contrast to template-based mesoporous materials ͑MCM-41, SBA-15͒, 28 however, the pores are not ideally structured and do show some roughness of the pore walls. 25, 29, 30 Such an intrinsic roughness, which we may refer to as a weak disorder, allows studying the out-of-equilibrium relaxation by a proper tuning of the temperature to render the relaxation rates to the accessible time scale. Moreover, the average diameter of the pores in PS may be varied along the channel axis during the production process, 31, 32 providing thus a possibility to create an arrangement of pore sections with different pore sizes, modeling a strongly disordered one-dimensional pore network. This type of artificially created disorder ͑which we refer to as strong disorder͒ may, thus, serve to study arrested phase configurations.
II. MATERIALS
In the present work, we have studied the freezing and melting behaviors of nitrobenzene in PS. The PS samples have been produced by electrochemical etching of B-doped ͑100͒ silicon wafers ͑see, for technical details, Ref. 26͒. Two types of samples have been prepared. The first set of reference PS films has been produced using a constant current density j. For substrates with resistivities of the order of a few m⍀ cm ͑2-5 m⍀ cm in our case͒ and electrolyte of a typical composition ͓HF ͑48%͒ and C 2 H 5 OH in a ratio 1:1͔, this procedure is reported to yield channel-like pores grown predominantly perpendicularly to the silicon wafer surface. 27 It has also been shown that the thus obtained pores have negligible intersections with each other. 24, 25 The pore radii r p of the channels are determined by the corresponding values of j applied during etching. In our case, values of j = 20, 60, 90, 105, and 120 mA/ cm 2 have been used. The pore radii r p in the thus obtained PS have been estimated using NMR cryoporometry 15, 26, 33 yielding the average pore sizes of r p = 2.9, 3.3, 4.0, 4.6, and 5.2 nm, respectively.
In addition to samples with uniform pore diameters, we have also prepared a sample with stepwise varied pore radii. A schematic of the pore structure of this sample is shown in Fig. 1 . We shall refer to it as our key sample. Material of this type is often referred to as an optical superlattice. 31, 34 To modulate the pore size, the current density j had been changed temporarily during etching. The etching time during which j was kept constant has been chosen to yield a pore section ͑of, hence, uniform diameter͒ with a length of 500 nm. With a total PS film thickness of 50 m, each channel-like pore is found to consist of 100 sections. During etching, the five different current densities have been applied using a random number generator so that the pore sections with different pore radii are arranged randomly.
After preparation, the PS film was removed from the substrate by applying an electropolishing step, washed in ethanol, placed in NMR glass tubes, outgassed, and saturated with nitrobenzene in an amount to provide complete filling of the mesopores and some amount of excess liquid. For diffusion measurements, all PS chips were oriented in the glass tube with the pore axes aligned in one direction. The latter coincided with that of the magnetic field gradient along which the molecular displacements have been measured. Note that any minor deviations from the perfect alignment do not introduce any discernible error in determining diffusivities ͑for example, the error is less than 3% for the deviations up to 10°͒. Figure 2 shows the normalized amount f of the liquid phase in the mesopores recorded upon cooling and heating and the diffusivities D of nitrobenzene measured simultaneously with f. The former has been measured using the NMR Hahn spin-echo pulse sequence with an interpulse delay of 3 ms. 15 Owing to the short relaxation times T 2 in the frozen phase ͑order of tens of microseconds͒, this procedure allows measuring the NMR signal ͑proportional to the number of nuclei͒ solely from the liquid phase, with much longer T 2 . The diffusivities have been measured using the same pulse sequence with = 7 ms, but modified by including the high-intensity PFGs. 17 In this way, the purpose-made heterogeneity of the magnetic field leads to a dramatic space FIG. 1. ͑Color online͒ Schematic view of the tailor-made mesoporous material used in this study. The scattering in the diameters of the channel segments ͑6 Շ 2r p Շ 10 nm͒ gives rise to the freezing-melting hysteresis in diffusion ͑Fig. 4͒, while the random variation in the radius of a given channel ͑fractions of nanometers͒ is correlated with the speed of propagation of the freezing front in a particular channel ͑Fig. 3͒. By the filled regions two possible configurations of the frozen domains on freezing ͑A͒ and melting ͑B͒ are shown. The asterisk denotes that the pore segment which, upon temperature decrease, is frozen first.
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III. EXPERIMENTAL RESULTS
dependence of the resonance frequency. By applying two pulses, one is thus able to determine a mean value of the molecular displacements in the time interval between these two pulses and, hence, the mean self-diffusivity of the fluid phase within the sample. 18, 36 Upon changing the temperature, typically by 1 K, sufficiently long waiting periods had been given before the measurements. The temperature stability after attaining a given temperature was better than Ϯ0.05 K. The relaxation process, namely, kinetics of the freezing and melting, was controlled by observing the spin-echo signal intensity. Notably, on the cooling branch at temperatures below 240 K long waiting times of a few hours were necessary. The typical freezing kinetics in this region, recorded after the temperature steps 1 and 2 in Fig. 2͑a͒ , are shown in Fig. 3 . Freezing kinetics is noted as the difference between the initial amount M 0 = M ͑t =0͒ of the liquid phase and its magnitude at time t. Both the chosen way of plotting and the parameters given in the figure shall be explained in the context of the theoretical model we are going to derive and which leads to Eq. ͑4͒.
Quite generally, the hysteresis observed in Fig. 2 indicates the nonequilibrium character of the process under study. In what follows, we are going to discuss the differences in the quasiequilibrium phase configurations on the cooling and heating branches as revealed by our diffusion studies. Thereafter, we will proceed with the exploration of more fine details in pore structure as probed by freezing front propagation controlled by intrinsic disorder of the material.
IV. DIFFUSION DURING MELTING AND FREEZING
The diffusivities as determined by PFG NMR result, via Einstein's relation, 37 as the ratio of the mean square displacement of the molecules contributing to the observed NMR signal in gradient direction and ͑twice͒ the observation time. The root mean square displacements observed in our experiments are typically of the order of a few micrometers. Therefore, in addition to the given temperature, the recorded diffusivities are sensitive to all transport-relevant structural details of the pores over such diffusion path lengths.
In Fig. 4 , we eliminate the influence of temperature differences on the diffusivities on the freezing and melting branches in our "key sample" by replotting the data of It is the main diffusivity of these molecules which is observed by PFG NMR. The molecules in the frozen phase do not contribute to the signal observable by PFG NMR and lead to an additional confinement of the fluid molecules. In order to differentiate between the influence of the confinement by the frozen phase and that of the pore system, we have studied the temperature dependence of the diffusivities in five different samples of PS which were produced with uniform channel diameters. The diameters of these samples are those of the different segments in the sample schematically presented by Fig. 1 . All measured diffusivities were found to follow an Arrhenius dependence D = D 0 exp͕−E a / RT͖ with essentially the same activation energy of E a Ϸ 18.2 kJ/ mol and with pre-exponential factors D 0 notably decreasing with decreasing pore radius ͑Fig. 5͒. Such a dependence may be referred to an increasing impairment of molecular propagation by interaction with the pore walls and by an increasing probability of channel constrictions with decreasing pore radius.
We may use the data of Fig. 5 for an estimate of what the normalized diffusivities would look like if they would result without any confinement by a frozen phase. For this purpose, Fig. 4 also displays the data corresponding to different weighted averages of the diffusivities in the "infinitely" long straight channels. The data point ͑square͒ for f = 1 and D n = 1 corresponds to the case that there is still a liquid in all five types of channels. Guest freezing in the channels would start in the largest one and would lead to the further averaged diffusivities marked by squares. In this comparison, the smallest diffusivity results if there is only in the smallest channels a liquid phase.
The thus estimated normalized diffusivities are found to exceed the data resulting from the measurements with the sample consisting of different sections. This finding may be easily associated with the effect of confinement of molecular propagation due to the frozen phases, which we have to imply in our key sample, but which may be ruled out for the samples with straight channels. Most importantly, however, also the normalized diffusivities observed on the freezing and melting branches are found to notably differ from each other.
In the following, we are going to explore the origin of these differences. If one considers a cylindrical pore of radius r p , the temperatures of both freezing and melting should be shifted by ⌬T = T 0 − T, where T 0 is the bulk melting temperature. Excluding possible effects of uncontrollable fluid supercooling, ⌬T may be given by the Gibbs-Thompson equation ͑see, e.g., Ref. 2͒,
where ⌬h is the enthalpy of fusion, v is the molar volume, and ␥ sl is the solid-liquid surface energy. Here and in the following we profit from the fact that the properties of guest phases under confinement are reliably reflected by macroscopic thermodynamics until down to pore sizes of nanometers. 1, 4 The numerical factor a is often assumed to be 1 for the melting transition and 2 for the freezing for cylindrical pore geometry. 5, 38 Irrespective of the actual values of a and the actual mechanisms leading to the hysteresis formation, however, Eq. ͑1͒ allows the following conclusion. For ensembles of separated pores, identical liquid-phase fractions during heating and cooling, although attained at different temperatures, will always correspond to identical geometrical configurations of the frozen phase within the pore system. As a consequence, for identical fractions f the normalized diffusivities during melting and freezing have to coincide. In the investigated system, we have intentionally chosen the opposite situation. Owing to the chosen one dimensional ͑1D͒ arrangement of ideally interconnected pores with statistically varying diameter, one has to distinguish between two mechanisms by which, within a certain pore, freezing may be initiated, namely, by either penetration of a solid front from the neighboring tube elements or, if this process is prohibited by "pore blocking," by homogeneous nucleation. 26 Temperature shift in the latter case is again given by Eq. ͑1͒ with a =3. 2, 38 Owing to the random distribution of channel diameters along the pore axis, one and the same fraction f of the liquid phase may thus correspond to quite different configurations of the frozen sections during freezing and melting. This is exemplified in Fig. 1 , where two different configurations of the frozen domains yielding the same fraction f of the liquid phase are shown. In the first case ͑A͒, the frozen region is formed upon cooling by first freezing, via the homogenous nucleation mechanism, the section with the largest pore size ͑denoted in the figure by an asterisk͒ and further progressive freezing of the neighboring sections with sufficiently large pores. In the second case ͑B͒, the melting occurs in the sections with sufficiently small pore sizes determined by Eq. ͑1͒. We anticipate that exactly this difference is reflected in the hysteresis of D n shown in Fig. 4 . Moreover, also the trend in these shifts completely coincides with our expectation. As a consequence of the differences in the respective mechanisms, the freezing process tends to lead to the formation of more extended regions of the pore volume filled with either liquids or solids. Such a behavior is completely correctly also reflected by the schematic representation of Fig.  1 . This means that, for identical fractions f of the fluid phase, the molecules within the fluid phase are generally able to freely diffuse over notably larger distances during freezing than during melting. This is exactly the observed behavior.
V. FREEZING KINETICS
The disorder in 1D arrangement of the pore elements with varying pore diameters has thus been found to lead to pronounced differences in the sequence of freezing of the individual pore elements during cooling and of melting during heating. In addition to the intentionally created disorder with respect to the diameters of individual pore segments, there is also an inevitable scattering in the diameters within each segment on the atomistic level, irrespective of the fact that they have been etched using a constant current density. 29 The existence and strong impact of such heterogeneities in PS have been anticipated in earlier studies of condensation/ evaporation phenomena 25 and from the structure of smectic liquid crystals 30 formed in this material. Thus, in the former study a stretched-exponential pattern in the nitrogen adsorption and desorption kinetics with the stretching exponent of about 0.5 typical of systems with quenched disorder was observed. We are going to demonstrate that it is this disorder, which determines the observable time dependence of freezing upon temperature reduction. Figure 3 displays the evolution of the amount of the frozen phase in response to the two steps of the temperature reduction as indicated in Fig. 2͑a͒ . For a quantification of freezing kinetics, we consider the elementary process of crystal growth within a channel element of disordered structure as exemplified by Fig. 6͑a͒ . Consider an initial nucleus ͑a͒, which may be formed either at the boundary of a channel by an adjacent frozen phase or within the channel segment by homogeneous nucleation. At a given temperature, the difference in the free energies between subsequent states in the freezing process, namely, with region ͑b͒ in the liquid and in the frozen states, is given by
In first-order approximation, the propagation of the freezing front may be considered to proceed by a stepwise inclusion of layers of type ͑b͒ to the already existing frozen phase ͑a͒ of Fig. 6͑a͒ . The mean time between subsequent jumps is given by 39 = at expͩ ⌬F kT ͪ,
͑3͒
with at denoting the inverse attempt frequency. With Eq. ͑2͒, the barrier ⌬F is found to be particularly pronounced with decreasing pore radius, since this leads to a progressive reduction in the first "favorable" term on the right hand side of Eq. ͑2͒. Within each channel segment an indispensable random variation in r gives rise to a variation in ⌬F. Thus, we may note that ⌬F͑x͒ = ⌬F av + ⌬F dis ͑x͒, with ⌬F av as the mean value and ⌬F dis ͑x͒ as the disorder-induced scattering of the free-energy barrier in channel direction x. Equation ͑3͒ thus becomes = 0 exp͑⌬F dis / kT͒ with 0 = at exp͑⌬F av / kT͒. Following the perspective of Sinai diffusion, 40, 41 the mean time t to cover a distance x is controlled by the sum of the free-energy steps ⌬F dis , fluctuating around zero, which scales with ͱ x. We may note, therefore, t = 0 exp͑ ͱ x / kT͒, with x denoting the mean value of the sum of ͑⌬F dis ͒ 2 over a distance x. Since, in our measurements, the propagation of the freezing front appears in a corresponding reduction in the amount M͑t͒ of the liquid phase, we may finally note
with A denoting a constant ϰ͑kT͒ 2 / which, in addition, depends on the measuring conditions and the pore volume distribution. Figure 3 shows that the experimentally observed behavior is in a good agreement with the expected time dependence. The parameter 0 , which result as a fitting parameter from the best approach of the experimental data by Eq. ͑4͒, includes the unknown quantity at so that the absolute value of ⌬F av cannot be determined. However, at may be eliminated by considering the ratio FIG. 6 . ͑Color online͒ ͑a͒ Cartoon representation of the process of crystal growth in disordered channels. ͑b͒ Free-energy barriers difference as a function of the growing crystal radius for two temperatures corresponding to the final temperatures at the steps 1 and 2 in Fig. 2͑a͒ . The horizontal line shows the value of ln͑ 0 ͑T 1 ͒ / 0 ͑T 2 ͒͒ with 0 obtained from the kinetic measurements as indicated in Fig. 3 .
͑5͒ Figure 6͑b͒ displays the magnitude of the exponent on the right hand side of Eq. ͑5͒ as a function of r, calculated via Eq. ͑2͒ with T 1 − T 2 = 2.9 K as relevant for our experiments, with the literature data ⌬h =12 kJ/ mol and v = 1.0 ϫ 10 −4 m 3 / mol and with l = 0.5 nm as an estimate of the thickness of the individual freezing layers. It is found that the actual value as it would result from the measured time constants 0 leads to the correct order of magnitude of the channel radii.
VI. CONCLUSIONS
In our studies, two different types of disorder have been found to decide about the dynamics of freezing in mesopores and the final states attained. The sequence of freezing of different pore segments in pore space is determined by the "macroscopic" disorder and the correlation of the pore sizes of adjacent pore sections. It is this correlation which leads to a deviation in the sequence in which the different segments freeze and melt. This deviation gives rise to the phenomenon of diffusion hysteresis which, after being observed for evaporation and condensation, 8, 12 has now been revealed during melting and freezing. Molecular diffusion as accessible by PFG NMR is highly sensitive to the confinement under which it occurs ͑procedure of "dynamic imaging" 42, 43 ͒. Thus, the differences in the ͑temperature-normalized͒ diffusivities on the melting and freezing curves for one and the same amount of the frozen phase provide clear evidence on differences in the distribution of this phase over the pore space. Correlating the shape of the loops of diffusion hysteresis with the possibly underlying blocking ͑i.e., freezing͒ patterns is a promising route toward a completely novel type of pore space exploration, with particular sensitivity to the connectivities in the pore space.
By contrast, freezing dynamics initiated by differential temperature drops is found to be controlled by the disorder in the individual channel sections. This finding is inline with the results of other studies revealing a strong impact of such internal disorder in 1D meso-PS channels on the behavior of confined therein molecular ensembles. 25, 30 The experimentally observed time dependencies of the freezing kinetics are found to be in a good agreement with our model consideration based on simple thermodynamic arguments with a model following the Sinai diffusion scenario as a first approach. The possibility of the quantification of the freezing kinetics opens a novel route for characterization of mesoporous material properties on the length scale of the pore dimensions. In turn, fine tuning of the pore wall heterogeneity ͑and, hence, of the strength of disorder͒ by chemical treatment 44 leads to tailored model systems for the experimental exploration of disorder effects in phase dynamics.
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